When Tom Stoppard set out to write his 1993 play Arcadia, he did so explicitly to address what role determinism, thermodynamics, and the more recent developments of nonlinear dynamics plays in our lives as human beings:
I thought that quantum mechanics [for my previous play Hapgood] and chaos mathematics [for Arcadia] suggested themselves as quite interesting and powerful metaphors for human behavior-not just behavior, but about the way, in the latter case, in which it suggested a determined life, a life ruled by determinism, and a life which is subject simply to random causes and effects. Those two ideas about life were not irreconcilable. Chaos mathematics is precisely to do with the unpredictability of determinism. (as quoted in Gussow, 1995, p. 25) The decision to write about chaos theory was prompted by Stoppard reading James Gleick's (1987) bestselling book Chaos: Making a New Science, which he also used as a source when he wrote Arcadia. Through what he learned about chaos theory, Stoppard came to recognize that there can be free will in a world that is generally deterministic, that determinism and chaos are both at work in our lives without canceling each other out. He uses Arcadia-the characters in it and those characters' understanding of the bearing of the laws of math and science on their lives-as a microcosm for mankind and how it has dealt with the same issues. He takes the characters in the play through a world ruled first simply by Newton's laws, then one where those laws are revised by the laws of thermodynamics, and then one where they are revised yet again by chaos theory. A few purposeful anachronisms in the form of characters making discoveries decades to centuries earlier than they were made in reality allows Stoppard to condense centuries' worth of scientific development, along with man's response to it, into the play's seven scenes. Stoppard's primary concerns are the way our understanding of history and its path has evolved and our comfort with predictability and also what role developments in science have played in influencing our feelings toward them. The reactions of his characters to new information mirrors the way mankind responded to the same paradigm shifts, and although the play shows us the reactions of the characters to these changes, reactions in the real world are reflected in cultural texts of the corresponding time periods. T. S. Eliot's (1922 Eliot's ( /2000 poem The Waste Land can easily be seen as a man's struggle to accept living in a world that is ruled not by Newton's laws but by the laws of thermodynamics, a world where the ability to predict appears to point to a gloomy, inescapable future. As an example of reaction to the revision to the laws of thermodynamics that is provided by chaos theory, the 2005 television series Numb3rs acknowledges some positive implementations of using advances in science and math to make predictions about the world around us but also uses some episodes to reflect on the comfort that the remaining unpredictability can provide to us, the reassurance it can give us to know that unpredictability supports the existence of human free will. The Waste Land and Numb3rs are external examples of same sentiments that are manifested in the characters in Arcadia toward the scientific developments that Stoppard exposes them to; all three works provide a portrait of how the development of thermodynamics and chaos theory made man at first less comfortable in the world and then restored a bit of the lost comfort through the very thing man sees thermodynamics increasing in his universe: chaos.
Arcadia is set at an estate in England called Sidley Park in two times separated by nearly 200 years. The earlier setting is a weekend in April 1809, and though chaos theory is still nearly 200 years away from being articulated, Stoppard works it into the plot through a 13-year-old math prodigy named Thomasina Coverly, who manages to invent fractal geometry and recognize entropy and its irreversibility-both of which are central to chaos theory-years before these developments are actually made in science. Thomasina's discoveries are expounded on in the present-day setting of the play by her descendant Valentine Coverly, a mathematician who is applying chaos theory to his study of changes to the grouse population in the area. Through Valentine's study, it is explained to the audience how chaos theory works. Predictability and determinism are put to the test as the characters in the present day, literary scholars Hannah Jarvis and Bernard Nightingale along with Valentine, attempt to reconstruct the events of that weekend in 1809 through the pieces they have available to them in their own time. What Stoppard suggests through this play is a revised version of the shape of history's path and, through this revision, that predictability is not as accurate as we would like to think and that too much predictability can make us feel less in control of our lives. It is those decisions made out of human free will that create the noise that keeps the past and the future at least partly inaccessible.
Certain elements of Newton's laws and the laws of thermodynamics are not able to be changed by any developments provided by chaos theory, and Stoppard acknowledges that these two earlier ways of understanding the universe remain accurate in many cases. In the 1809 setting of the play, Newton's laws are still understood to be what governs the universe. Two separate characters, one in each time, recognize the implication on free will of living in the deterministic universe that Newton's laws describe. Young Thomasina remarks to her tutor Septimus in 1809, If you could stop every atom in its position and direction, and if your mind could comprehend all the actions thus suspended, then if you were really, really good at algebra you could write the formula for all the future; and although nobody can be so clever as to do it, the formula must exist just as if one could. (p. 5) Thomasina is portrayed as a mathematical prodigy in the play, but one of her descendants in the present day, Valentine's sister Chloe, who is a person with no special knowledge of math or science, still reaches the same conclusion:
The future is all programmed like a computerthat's a proper theory, isn't it? VALENTINE: The deterministic universe, yes.
CHLOE:
Right. Because everything including us is just a lot of atoms bouncing off each other like billiard balls. VALENTINE: Yes. There was someone, forget his name, 1820s, who pointed out that from Newton's laws you could predict everything to come-I mean, you'd need a computer as big as the universe but the formula would exist. (p. 73) If Newton's laws are all you have to describe the behavior of the universe, then it certainly does seem that complete predictability, if you know the formula, is possible. This sort of predictability could be somewhat troubling; Septimus anticipates this as Thomasina's line of thought and guesses what her next question will be: "If everything from the furthest planet to the smallest atom of our brain acts according to Newton's law of motion, what becomes of free will?" (p. 5). This, however, is not what Thomasina is worried about, though this could be attributed to her youth; this question is, instead, the larger question being grappled with in the play. Though Septimus expects Thomasina to find this idea of determinism troubling, he finds it a source of comfort; Newton's laws give him hope about the future of the world and mankind's ability to recoup anything that is lost. This is demonstrated through a conversation in which Thomasina laments the burning of the library in Alexandria, horrified by all the knowledge lost to that blaze. Septimus does not find the situation as troubling as Thomasina because of this belief in recoverability:
We shed as we pick up, like travelers who must carry everything in their arms, and what we let fall will be picked up by those behind. The procession is very long and life is very sort. We die on the march. But there is nothing outside the march so nothing can be lost to it. The missing plays of Sophocles will turn up piece by piece, or be written again in another language. Ancient cures for diseases will reveal themselves once more. Mathematical discoveries glimpsed and lost to view will have their time again. (p. 38) This sort of predictability provides comfort to Septimus, but it is comfort provided by living in a world before the laws of thermodynamics and their different picture of recovering losses and of how things will end. Septimus here finds comfort in what Prapassaree Kramer and Jeffrey Kramer (1997) categorize as "an assumption of the eternal endurance of the world" and "an assumption that nature proceeds along linear paths, without any leaps" (pp. 7-8). Determinism is thus positive for Septimus because of the element of recoverability, despite the obstacles to free will that determinism seems to imply. One reason that the challenges determinism provides to free will do not outweigh the benefits of recoverability in the mind of Septimus is because, without the prediction of an end to human history (instead, a continuous march onward), there seems to be more freedom to change the direction of the march. Both of these beliefs about the world held by Septimus, regarding both the shape of the path of history and its eternal nature, will be changed-the former by thermodynamics and the latter by both thermodynamics and chaos theory-and Septimus will live to have both of these beliefs taken away from him.
Through her discussion of determinism with Septimus, Thomasina comes to the conclusion that Newton's laws alone are not sufficient to describe the universe and the way things within it behave:
THOMASINA: When you stir your rice pudding, Septimus, the spoonful of jam spreads itself round making red trails like the picture of a meteor in my astronomical atlas. But if you stir backward, the jam will not come together again. Indeed, the pudding does not notice and continues to turn pink just as before. . . . You cannot stir things apart.
SEPTIMUS:
No more you can, time must needs run backward. (pp. 4-5) Later in the play, about 3 years after the weekend in April 1809 and once she has had the opportunity to examine a diagram of the way a steam engine works, One would think Thomasina would be markedly less cheerful about a discovery like this one. Again, it could be her youth that keeps her from recognizing the magnitude of what she's discovered. The surprising cheerfulness could also be attributed to her pride in discovering this, said pride shielding her from recognizing the ramifications of her discovery.
What Thomasina has done is prematurely stumble across the concepts at the core of the laws of thermodynamics, which actually emerged several decades later, in the middle of the 19th century. Thermodynamics were developed originally as a means of studying the functioning of steam engines, but in 1852, William Thomson applied the same principles to "the fundamental dynamics of the universe itself" (Best & Kellner, 1997, p. 205) . A physicist and mathematician named Rudolf Clausius picked up on Thomson's work, and their mutual ideas form what are known as the first and second laws of thermodynamics. These laws state that the amount of energy in the universe is constant and that this energy is constantly moving from a more ordered state to a less ordered state; entropy is "the name for the quality of the systems that increases under the Second Law-mixing, disorder, randomness" (Gleick, 1987, p. 257) . The second law of thermodynamics states that the universe is always headed toward a state of maximum entropy. This is what Septimus was referring to when he says, "So we are all doomed" (p. 93).
The scene in which Thomasina shares her discovery with Septimus is the eve of her 17th birthday. On that night, she dies in a fire. Though he previously professed belief in recoverability of all, he is now faced-immediately after Thomasina has snatched his belief in recoverability away from him through Miller / FEARS OF ENTROPY TO COMFORT IN CHAOS 83 her premature discovery of the second law of thermodynamics-with a loss he knows can never be recovered. Out of both grief over her death and the shakeup to his faith and understanding of the world that results from Thomasina's discovery, Septimus removes himself from the household at Sidley Park and from the rest of human society, moving into the hermitage in the Sidley Park garden and spending the rest of his life working equations to try to prove Thomasina's prediction for the universe wrong. House records describe Septimus, later known as "The Sidley Park Hermit," and his motivation for becoming this hermit:
It was Frenchified mathematick that brought him to the melancholy certitude of a world without light or life . . . as a wooden stove that must consume itself until ash and stove are as one, and heat is gone from the earth. (p. 65) Although T. S. Eliot may not have moved into a hermitage to try to restore "hope through good English algebra" (Stoppard, 1993, p. 65) , the mindset of Septimus described above does sound remarkably similar to the mindset of the famous author of The Waste Land. For Septimus, one type of predictability in the world has been replaced by another, and the determinism that had formerly been a source of comfort for him has now been revised in such a way as to make his life a nightmare. Although before he had faith that lost works and knowledge would eventually be recovered or rediscovered, "if the world were to end some day, that end might come before there was time for Sophocles to be recovered or reborn" (Kramer & Kramer, 1997, p. 8) . Things that Septimus held as truth before Thomasina shared her discovery with him are now replaced with certainty about the impending end of the world, and this new certainty drives Septimus up to if not over the brink of madness.
Septimus's reaction is not surprising considering that the laws of thermodynamics do not appear to leave room for a lot of hopefulness. Michael Bell (1999) writes that advances in science like these "seemed to have an analogical application to other, nonscientific spheres" (p. 11). When thermodynamics was actually developed in the mid-19th century, it changed the way many people viewed the world. The sense of doom that results from the application of the second law was not lost on the writers of the modernist period, who composed the first generation to grow up in a world where Newton's laws have been revised by the laws of thermodynamics; indeed, Steven Best and Douglas Kellner (1997) write that modern science "allowed human beings to gain more certainty in their knowledge of the world but at the cost of feeling comfortable or at home within it" (p. 198). Katherine Hayles (1990) addresses this idea of having to take the bad with the good, specifically in response to chaos and entropy, when she writes, The popularization of thermodynamics during the 1860s and 1870s reinforced the antagonistic connection between order and chaos through predictions of a cosmic dissipation that would end with all heat sources everywhere being exhausted, resulting in the so-called "heat death" of the universe. Countering this pessimistic scenario was the awareness that in the short run (that is, in the eons while life still continued on earth), the release of thermal energy could run trains, fuel steamships, generate electricity. (p. 21) And so although learning more about heat exchange allowed for many positive improvements in the modern world, it also predicts that eventually all the heat will run out. Describing the world outlook this produced in modernists as "entropic melancholy" (Richard Clarke, 2002a , p. 68), Richard Clarke (2002b explains that the concept of entropy has been played out as a proof of the inevitable degradation of energies, of the exhaustion of material and vital resources, as a synonym for melancholy reflections on the devolution of biological and human achievements, on the arrival of a world [described by Lord Kelvin as] "unfit for the habitation of man as at present constituted," and ultimately, on the "heat death" of the universe itself. (p. 21) Much of the despair felt by modernists, like Septimus in Arcadia, can be attributed to revised understandings about the path of history and new predictions about the future. Now time and human history can no longer be understood as a linear march as Septimus understands it, but its shape must now necessarily account for an increase in disorder that results from time progressing. Learning that the world is going to end and that there is nothing any human being can do about it is bad enough, but for the modernists, living in the time surrounding the first world war would have intensified worries that their time was the end time, the arrival at the state of maximum entropy, or at the very least create a sense of despair that the world's end is already written. When science changes the way we understand the world as drastically as thermodynamics did, man attempting to adapt to the change often reflects the change to his worldview 84 BULLETIN OF SCIENCE, TECHNOLOGY & SOCIETY / February 2007 through art, literature, and other cultural texts. One such example of this from the time following the development of thermodynamics is the 1922 poem The Waste Land, by T. S. Eliot. It addresses the same issue the core of Septimus's own entropic melancholy, despair that the world is decaying toward a state of maximum entropy where everything will be disorder and all energy and life will be gone.
T. S. Eliot's 1922 poem The Waste Land reveals an author who understands Septimus and the shakeup to his faith that has resulted from what he has learned about the world's fate through Thomasina's discovery of thermodynamics. The Waste Land is a journey through a world that is falling apart. Consisting of five sections, the poem jumps from narrator to narrator and has no overarching plot, and yet images and themes regarding loss and decay are consistent throughout the poem, along with marked awareness of and anxiety about the passing of time. The poem portrays a world where the only thing that can stave off the misery of the current world in decay is memories of the better past, consistent with the concept of entropy in that the past will always have been better, more ordered.
The Waste Land is described by Wayne Koestenbaum (1988) as resembling "a hysterical discourse," explaining that "it is now widely understood that Eliot's own mental breakdown was a condition of the poem's composition" (p. 115). One major factor that contributes to the sense of hysteria conveyed in the poem is a pervasive awareness of time and its passing. Eliot himself said that "the one thing that time is ever sure to bring about is loss" (as quoted in Gish, 1981, p. 57) . Keeping this in mind, the numerous references to the passing of time in The Waste Land suggest a world on the fast track to more and more loss and through that create a sense of anxiety if not outright panic; if every second increases disorder and brings the world closer to a state of maximum entropy, how are reminders that time is hurtling past to be received besides as death knells? A preoccupation with time's passing and associations between time and decay and loss are common in modern literature, but few works retain the focus on time that is possessed by The Waste Land. Eliot creates this sensation early in the poem, starting with the word "April" (Line 1) and moving from spring to winter to summer and back to winter again in just 18 lines. There are references to times of day and units of time throughout the poem, but the section of the poem that best captures this sense of being caught on the roller coaster of time is the last stanza of the poem's second section, "A Game of Chess." In this scene, a woman named Lil is speaking in a bar to the narrator. As they try to carry on their conversation, the bartender breaks in with the cry, "HURRY UP PLEASE IT'S TIME" (Line 141), a call to notify patrons that the bar is about to close. This call is repeated four more times, at the end becoming so frequent that Lil and the narrator are eventually unable to fit even a sentence between the cries. This can be read as a metaphor for how Eliot sees time's passage influencing his world-he wants to focus on living his life, but the awareness that time is constantly ticking forward is not just in the back of his mind but instead intruding on his thoughts like the barman in "A Game of Chess." He wants to ignore it, but it won't be ignored. The passage of time alone is not necessarily something to panic about, but what science has now associated with the passage of time, an increase of entropy and chaos, is cause for at least some worry, if not outright hysteria. Every second mankind is ever closer to that end that has been predicted.
The Waste Land is a vision of the world near its end. It is as if Eliot's understanding of the world allows him to see it through a different lens that reveals its barren, decaying nature. Everywhere in this world are signs of decay and death, beginning with the first visual description of it provided by Eliot in the second stanza of the poem:
What are the roots that clutch, what branches grow Out of this stony rubbish? Son of man, You cannot say, or guess, for you know only A heap of broken images, where the sun beats, And the dead tree gives no shelter, and the cricket no relief, And the dry stone no sound of water. Everywhere in this world, there is death and decay; London is compared to Dante's Hell (Lines 60-65). Former centers of civilization such as Jerusalem, Athens, Alexandria, and Vienna are invoked (Lines 375-376) but introduced with the line "Falling towers" (Line 374); all are known to have been destroyed by fire (Kenner, 1986) . The burning of the library in Alexandria is also referenced in Arcadia, as Thomasina laments the huge amount of human knowledge lost to that fire. Both works, through these references, acknowledge that time is sure to bring about loss and particularly the loss of information. This is just one thing that can be predicted about the future, and it is a prediction that might be easier not to know. Prediction and prophecy have a strong presence in The Waste Land as well, not only through Eliot's reference to the cycle of destruction of knowledge and civilization by fire, a pattern that will continue, but also particularly through the use of the characters Madame Sosostris and Tiresias. In the first section of the poem, one of the poem's speakers goes to visit Madame Sosostris, "famous clairvoyante" (Line 43). She does a tarot card reading for him, and at the conclusion of the reading, she tells him to "Fear death by water" (Line 55) and then goes on about her business, asking the speaker to relay a message to another customer should he see her. Having one's future told seems like a good idea until that future is revealed to be something horrible; then, knowing the future becomes a burden rather than a blessing. This is very much like man's relationship with science, particularly the areas of science that are related to predictability. When science is making the world a better place, we are grateful for what it can do, but sometimes, the benefits come at the expense of learning things we would rather not know, to, as Best and Kellner (1997) put it, "gain more certainty in their knowledge of the world but at the cost of feeling comfortable or at home within it" (p. 198). And much like the nonchalance of Madame Sosostris, where she follows her prediction of death with commonplace conversation, Thomasina's cheerfulness regarding her discovery belies the gravity of her prediction for the world, a gravity recognized by Septimus.
Prediction can be seen as an even stronger focus of Eliot if the poem's narrator is, as suggested by Graham Hough, Tiresias. Hough (1986) argues that The Waste Land does not appear to be a true stream of consciousness because, though it does meet the criteria as consisting of a "flood of images, more or less emancipated from narrative or logical continuity," it lacks "the continuity of inhering a single consciousness" (p. 49). However, Eliot's notes to the poem regarding Tiresias explain him as a spectator and not a character within the poem but also claim that he is "the most important personage in the poem, uniting all the rest" (as quoted in Hough, 1986, p. 49) . In light of this note, Hough suggests viewing the entire poem as "Tiresias's 'stream of consciousness' " (p. 49); Tiresias possesses the single consciousness that gives the poem continuity that could qualify it as stream of consciousness, acting as a conduit for the voices of many different inhabitants of The Waste Land. If this is the correct reading of Tiresias and his role in the poem, it suggests the entire poem acts as a sort of prophecy; Tiresias, though he is literally blind, is a "seer." He is a prophet and also is known for seeing the truth of current events. He is the character that informs Oedipus in Oedipus Rex of the doom that awaits him, though Oedipus does not listen to him until it is too late. Similarly, Tiresias here can be viewed as the character who, because he acts as conduit for all these other voices, has the truest picture of The Waste Land's current state and the best sense of its future.
Remember that Septimus derived comfort from his notion of history's path as a linear march. The concept of entropy not only makes time's progression a one-way street but also suggests that the pattern of the path will be less and less discernable as time moves forward and chaos increases. Eliot conveys this sense of increasing disorder in the chaotic structure of The Waste Land. However, as Jacob Korg (1972) points out, "There has always been a suspicion that Pound's revisions introduced an advantageous chaos into what had been a well-structured original" (p. 540). This would suggest that Pound is the one responsible for the chaotic structure and that this notion did not come from Eliot. However, in examining closely the changes recommended by Pound and accepted by Eliot, Korg concludes that it is now clear that he did nothing to deflect any of Eliot's own intentions. The changes he suggested were, in the main, perfectly attuned to Eliot's better intuitions and only enabled the poem to become more fully what it already was. (p. 540) And so Eliot can be seen as the one responsible for the pervasive sense of chaos in The Waste Land and with it the sense that the world is getting more and more disordered and out of control. A world falling into such disarray would mean that Newton's neat rules of cause and effect cannot be counted on to work as expected, and this is a world where people would feel increasingly out of control. Eliot is portraying the world that Septimus, based on Thomasina's discoveries, fears is coming.
Although Septimus tries to work his way through this melancholy through filling thousands of sheets of paper with "cabalistic proofs that the world was coming to an end" (p. 27), writers such as Eliot work their way through many of the same issues but with poetry instead of equations. Eliot uses his poetry to express some of the same realizations about time, decay, prediction, and the path of history that Septimus agonizes over in Arcadia. Because the power of the emotions conveyed in The Waste Land provide insight into Septimus's likely mindset during the years following Thomasina's death, understanding the extreme emotions involved in both mourning her death and processing her discovery can help one further appreciate the comfort that can be provided by the eventual developments of chaos theory.
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On the issue of the gravity of the laws of thermodynamics and their bearing on the future, scientist James E. Lovelock said, "Let us again look at the laws of thermodynamics. It is true that at first sight they read like the notice at the gate of Dante's Hell" (as quoted in Gleick, 1987, p. 307) . Notice, however, that Lovelock says they seem this way "at first sight." He says this because in the past few decades, science has made advances that show there are exceptions to the laws of thermodynamics, specifically the second one, which has been for years the cause of much despair about the universe's seemingly inescapable fate. These exceptions come through the emergence of chaos theory, also known as nonlinear dynamics, and in Arcadia, Stoppard uses chaos theory to show how these developments can give us more comfort about the nature of predictability and restore some sense of control in our lives amid the randomness that chaos theory is known for.
The laws of thermodynamics suggest a deterministic universe with a specified ending, but our universe is not always wholly deterministic. Our introduction in the play to the concept of chaos theory begins with Valentine's work with grouse populations. He has a hunting log from which he can deduce the size of the grouse population at Sidley Park from the present all the way back to the 18th century. In a strictly deterministic universe, there would be an equation that he could extrapolate from the population changes that would allow him to predict future population changes. Necessary for absolute determinism, with predictability in either direction, is a closed system, a system shut off completely from outside influences. An open system, however, is not necessarily deterministic but is instead ruled by a combination of determinism and indeterminacy. There is still a pattern to events in an open system, but outside influences can disrupt these patterns. Mathematicians Ziauddin Sardar and Iowana Abrams (1998, p. 69) propose viewing biological and social systems as open systems. The Sidley Park grouse are existing in an open system, not a closed one, and therefore events in other systems can influence events within the system to which the grouse belong. A central aspect of chaos theory is sensitive dependence on initial conditions, and within the grouse system, any outside influence acts as noise and throws off the initial conditions so that the equation is starting from a new point. As Valentine explains to Hannah, We can't even predict the next drip from a dripping tap when it gets irregular. Each drip sets up the conditions for the next, the smallest variation blows prediction apart, and the weather is unpredictable the same way, will always be unpredictable. (p. 48) The only way that Valentine could get a grasp on the algorithm he seeks would be to account for every outside influence and its effect on the grouse population so that he knows what is throwing off the starting numbers for his equation each time, and there is no realistic way for him to do this. Chaos theory, therefore, creates an entirely different picture of the possibility of predictability-past and future-one where predicting the past of complex systems is difficult and where predictability of the future of complex systems is nigh impossible.
Central to the plot of the play in the present-day setting of Arcadia is a visit to Sidley Park by Byron scholar Bernard Nightingale. Some letters in a book that used to belong to Lord Byron and some other circumstantial evidence suggest to Bernard that Lord Byron was not only present at Sidley Park on the weekend of April 1809 that constitutes the other half of Arcadia but that Lord Byron slept with the wife of another guest, poet Ezra Chater; was discovered by Chater and challenged by him to a duel; and subsequently killed Chater in the duel. Bernard seems to conceive of the universe as operating like Newton's laws suggest, with reverse predictability and reconstruction of the past not only possible but quite accessible to him: "Time is reversed. Tock, tick goes the universe and then recovers itself, but it was enough, you were in there and you bloody know" (p. 50). However, the audience, and ultimately Bernard and the rest of the present-day characters, become quite aware that such predictability of past events is not as easy as Bernard believes. Part of the reason is incomplete information, such as Bernard not knowing that the poet Ezra Chater, of whom there seems to be no record after this weekend in 1809, is the same person as a botanist named Chater who died months later in the West Indies after being bitten by a monkey. This is just one example of many in which Bernard thinks he has the correct information but in fact does not. His attempts to reconstruct the past send the message that no matter how many documents from a given time or event one finds, accurately reconstructing the past of any complex system cannot be accomplished. As entropy says will occur, there is an overwhelming loss of information as time passes. This development alone does not change anything that is the cause of Septimus's melancholy. The role of fractal geometry in chaos theory does not alleviate the cause of his despair either, but it does lay the groundwork for developments that would
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have provided him comfort had he lived long enough to learn of them.
As Thomasina reasons and tries to capture in her own equations, fractal geometry is a better reflection of nature than linear geometry. Fractals, better than line graphs, can recreate the shapes of "the branching bronchial tree in lungs, various segments of rivers and coastlines, and dendritic diffusion limited structures within standstone" (Vees-Gulani, 1999, p. 413). If fractals can be mathematical representations of other natural objects and phenomena, can't a fractal also represent the shape of human history? A famous notion that comes from another modernist writer, William Butler Yeats (1920 Yeats ( /2000 , is the conception of the path of history as being shaped like a gyre, a spiral that moves upward and outward as it grows over time. This conception of history does well to accommodate both linear and cyclical time and also to convey the idea of entropy increasing over time. Yeats's idea of the gyre fits well within the framework provided by thermodynamics during his lifetime, and with Arcadia, Stoppard seems to take Yeats's idea and adjust it to accommodate nonlinear dynamics and the bearing this new framework would have on history and its path, proposing that history might be shaped like a fractal rather than a gyre. A fractal path allows for both cyclical and linear progression, as the ruling algorithm is repeated but never retraces the same path. Thus, history repeats itself in a general sense but never in a specific sense. And this fits well within the idea of predictability in a complex system when that system exists within a deterministic universe; up close, the fractal appears chaotic, but the further the vantage point from which one views it, the more regular a pattern one perceives in it. Stoppard invokes the idea of a fractal in the way he structures Arcadia. The audience gets to see events set nearly 200 years apart contain similar events and similar objects. Similar conversations occur. However, the events in the two times never converge and proceed along the same path; instead, they may end up being remarkably similar for a moment but then head off in entirely different directions. Vees-Gulani (1999) points to one specific moment like this in the final scene of the play:
When in a powerful image two different couples of two different times waltz together through the same room, the audience is allowed to see how close the paths of an attractor can get to crossing, but still always be only nearly the same. (p. 416) Through its reliance on fractal geometry to represent the behavior of complex systems, chaos theory is still not capable of restoring Septimus's belief in the recoverability of human knowledge; this, along with the universe's impending doom, is the other reason why he sees that his faith in the recoverability of human knowledge is flawed, as pointed out by Prapassaree Kramer and Jeffrey Kramer (1997): Even if the world went on forever, unless it went on along the same paths as before, there would be no guarantee that it would ever return to the intersection of circumstances which produced Sophocles. . . . The discoveries of chaos theory tell us that the existence of Sophocles was dependent on so many circumstances of such minute precision that there is essentially no possibility of ever reproducing him or his works, even in an everlasting world. Just as the slightest variation in initial conditions may ultimately turn a hurricane into a mild shower, so the flapping of an additional Athenian butterfly would give us not Sophocles, or even Aeschylus, but perhaps (at best) Crater. (p. 8)
And so chaos theory does not necessarily give reason to end Septimus's entropic melancholy, nor Eliot's. The world is still going to end in heat death, and human civilization will not continue along the same paths to allow the recovery of lost knowledge. Even in a world where chaos theory gives us our best understanding of the limits of predictability, as Valentine tells Hannah, "the future is disorder" (p. 48) . Valentine's reaction to this news cannot be attributed to youth or to pride in a discovery he has made, as it can with Thomasina's similar reaction to this news, but possibly instead to his understanding of the way that free will is allowed in a world governed by chaos theory in a way it does not seem to be allowed in worlds ruled only by Newton's laws or the laws of thermodynamics. The secret to this lies in the role of the strange attractor in fractal geometry.
In fractal geometry, a strange attractor is both an ordering principle, what gives the fractal its shape, and also the source of the apparent randomness, the thing that sets events off their typical course of cause and effect. The concept of the strange attractor is not only compatible with Stoppard's consolidation of human 88 BULLETIN OF SCIENCE, TECHNOLOGY & SOCIETY / February 2007 history and chaos theory, but it seems even to be central to it. In the fractal of history Stoppard describes, what allows for apparent randomness on a small scale and also what gives the fractal its shape on a much larger scale is human nature. Some strange attractors that might give rise to patterns in human behavior include a desire to create, a tendency toward self-preservation, a desire to expend as little energy or effort as possible, or a craving for power. Susanne Vees-Gulani (1999) suggests that within the play, sex functions as a strange attractor "to which the plot returns again and again, resembling a self-similar fractal structure" (p. 417). On an individual level in this play, people make unexpected choices about whom to have sex with, and these throw kinks in what should be a fairly predictable set of events. As one example of this, Mrs. Chater did have an affair, and Bernard is not wrong to assume she had one with Bryon. However, her choices to also sleep with Septimus and with Captain Brice throw off Bernard's attempts to reconstruct the past. But although the strange attractor of sex can cause a chaotic pattern to human behavior when viewed close up, from further away, human decisions in this department generally take on an overall pattern; with whom one individual chooses to procreate is generally incidental in the big picture of human history, but humans at large can be counted on to procreate at a fairly predictable level. A few people resisting this tendency-as Hannah spurns the flirtations and advances and even marriage proposals of Bernard and Valentine during the course of the play-do not cause a major disruption in human history on the whole.
Thomasina's death in the fire represents a conflux of both of the major aspects of chaos theory that are addressed by Stoppard in Arcadia, both the connection between free will and sexual choices and the inevitable loss that still must come because of entropy. The night of Thomasina's death is the night before her 17th birthday. She comes to Septimus at night, by candlelight, and asks him to teach her to waltz. It is during their dance that she and Septimus go over her discoveries about heat exchange. Septimus kisses her, they dance some more, and then Septimus sends her to bed with her candle, the candle that will start the fire that will take her life. Here, she has moved from asking questions about sex, as she had so frequently earlier in the play, to making choices about it, using her free will. Ironically, Thomasina has spent time earlier in the play criticizing Cleopatra for making choices based on sex that led to the burning of the library in Alexandria: "Everything is turned to love with her. New love, absent love, lost love-I never knew a heroine that makes such noodles of our sex" (p. 38). However, choices made on her own part based on sexual attraction also lead to a fire, the fire that results in her death. Thomasina's death is bittersweet, as it arrives just as she enters the realm of free will, at least as it relates to sexuality. Her choice to enter this realm, journeying through the house by candlelight to visit Septimus, leads to her death by a fire started by the same candle. It is the exercising of her free will that leads to her premature death, the loss that her discoveries declares must always come. And this is where Arcadia becomes more positive than Septimus and the modernists he represents, despite the world's heat death remaining its predicted end. The point of Arcadia seems to be that, even though the big picture remains the same, humans have the free will to change the little picture, and that is cause not to despair. Sex is just the primary example that Stoppard uses to demonstrate this.
In her conversation with Valentine, after she has decided there must be a way to predict the entirety of the future if you had the computer to do it, Chloe revises her certainty of predictability:
It's all because of sex. . . . That's what I think. The universe is deterministic all right, just like Newton said, I mean it's trying to be, but the only thing going wrong is people fancying people who aren't supposed to be in that part of the plan. VALENTINE: Ah. The attraction that Newton left out. All the way back to the apple in the garden. (pp. 73-74) Indeed, sex and the decisions characters make about it stand as testament to the existence of free will in the world of Arcadia. Thomasina's mother Lady Croom has sentiments on the topic similar to Chloe: "The Chater would overthrow the Newtonian system in a weekend" (p. 84), which, indeed, she does. On a large scale, there may still be predictability, but on a smaller scale, there is unpredictability that is comforting. As Valentine says, "The unpredictable and the predetermined unfold together to make everything the way it is" (p. 47). And the fact that the unpredictable can be thrown into the mix can alleviate at least some of the despair of knowing the overall pattern of human history and how it will all end.
Just as a change such as the development of the laws of thermodynamics makes its mark on the literary and cultural texts of the subsequent period of history, the modernist period, a change such as the development of chaos theory likewise made its mark on the cultural texts in the postmodern, postchaos theory world. Arcadia, usually considered a work of literature, is one example, but movies, television Miller / FEARS OF ENTROPY TO COMFORT IN CHAOS 89 shows, and popular novels also use chaos theory to convey similar messages about free will and predictability and what role chaos theory plays in this mix. Some examples are the movies Pi (1998) and The Butterfly Effect (2004) and Jurassic Park (novel in 1989 and movie in 1993). All three use chaos theory and the unpredictability of complex systems to convey messages about the hubris that underlies any belief in one's ability to accurately predict cause and effect, past and future. The main characters in all three of these works, who overstep their bounds and attempt to control or predict what they cannot, ultimately suffer for the actions their pride leads them to take. However, our attempts to predict can have positive consequences, not just negative ones, and a recent television series, Numb3rs (premiering in January 2005), explores this issue and the fine line between using our knowledge and ability to predict for good versus ill. In its addressing this issue, Numb3rs echoes the sentiments of Arcadia that, though we sometimes think we want predictability, sometimes prediction reveals some things that we are not comfortable with.
In the series Numb3rs, a mathematician named Charlie Eppes assists his older brother Don, an FBI agent, in solving crimes by using his mathematical abilities. At times, Charlie uses his abilities to accomplish such tasks as locating origin points for people or events, cracking codes, or even distinguishing one money counterfeiter from another based on microscopic differences on counterfeit bills. However, when math is being used in cases of predicting human behavior, the show delves into the complex issues of both whether predicting human behavior can be done and also whether it is moral to assume one can do so. This issue is taken up briefly in the second episode of the series, "Uncertainty Principle" (Vlaming & Von Ancken, 2005) , in which Charlie's ability to pinpoint the next incident in a string of bank robberies turns what were previously nonviolent robberies into violent affairs; one agent is killed and Charlie's brother is shot as the FBI attempts to apprehend the robbers at a bank identified by Charlie as the next target. As Charlie boasts in the opening scene of the episode about his ability to narrow down the next target to one of two locations-before he has learned that the attempt to stop it has gone awry-he is warned by his friend and colleague Larry, "Don't mistake the ability to predict with the ability to control." As he often does in the series, Larry here attempts to act as mentor to Charlie; though Charlie may be more brilliant, he is still very young, and Larry is often there to offer Charlie the wisdom that Charlie has not yet acquired. This statement by Larry turns out to be a major theme of the episode, as the writers of Numb3rs acknowledge that there are limits to our ability to predict human behavior and that there may be penalties for overstepping our bounds in this department. Central to this episode is Charlie beginning to doubt the appropriateness of his using math to predict human behavior-because he was able to predict where the next robbery would be but not the fact that the robbers might turn violent, he feels responsible for the agent's death and his brother's injury. Though he doesn't come out and say it, Charlie seems to think that predicting but putting people in danger is worse than refusing to predict at all. Eventually Don manages to convince Charlie that it is better to take the chance of people getting hurt in exchange for accomplishing all the good he and his abilities can accomplish, and Charlie agrees to return to his advisory role, but this episode still directs the viewer's attention to the issue Charlie is just being made aware of: There are positives to using science, math, and his problem-solving abilities to help Don, even if it involves making predictions about human behavior, but it is arrogant to believe he can really, accurately predict human behavior. This is only the second episode of the series, and the writers have already made a point of addressing the potential downsides of attempting to predict human behavior, but in an episode near the end of the show's first season, the writers take on this topic even more directly; in a show where predictability is central, they directly question how far it should be taken.
The episode "Sacrifice" (Holahan & Sanzel, 2005) opens with the discovery of the murdered body of an applied physicist and computer science researcher named Jonas Hoke. It is believed that the nature of Hoke's work may be responsible in some way for his murder. The contents of Hoke's computer have been mostly erased, but some of the data are recovered and shows that he was working with an approach to baseball statistics, sabermetrics, which is used by some baseball teams to determine how to allocate resources based on statistical curves; it's a form of predicting human performance. Some people find it inappropriate to do this, but at first, Charlie sees no problem with the concept. As he is trying to figure out why Hoke was working with sabermetrics, Charlie discusses the concept with Larry, and Larry, once again, tries to tame Charlie's confidence in math's primacy and the appropriateness of attempting to predict human action and performance:
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Larry: The notion that human achievement in a baseball diamond can be predicted through the application of statistical analysis is, at its very core, highly problematic. Charlie: Even if the skill can be statistically measured? Larry:
Yes, because, Charles, the human spirit is immeasurable. Our brains aren't just these machines. . . . Yes, statistical probability is a wonderful tool, but applied to human performance, it's only an extrapolation of the past.
Larry's comment here echoes that same sentiment brought up by Chloe and Septimus in Arcadia: How can there truly be free will in a deterministic universe? And to suggest, as in this specific example, that you can predict how an athlete will perform can make people uncomfortable. If you can predict how an athlete will perform, does he have any control over his performance at all?
During the above discussion, Larry and Charlie reference the book Moneyball: The Art of Winning an Unfair Game (Lewis, 2003) . Written by Michael Lewis, it chronicles the paradigm shift that followed Billy Beane taking over as the manager of one of the poorest clubs in major league baseball, the Oakland Athletics, and the club's use of sabermetrics to help them draft and trade more efficiently and redefine the way the club is coached. As described by Lewis, sabermetrics is essentially the attempt to reexamine baseball statistics and how they are kept in an attempt to both create a more accurate picture-through the numbers-of what goes on in a game but also through having a more accurate picture, to be able to prioritize in both spending and strategy. Sabermetrics disagrees with some long-held views about what is important in baseball; this approach, for instance, views walks as a valuable offensive tool instead of, as they were originally viewed, as errors made by the batter. As sabermetrics has been refined, it has attempted to "extract the luck element" of the game from the statistics (Lewis, 2003, p. 133) , similarly to how Valentine in Arcadia is attempting to extract the noise from the changes to the grouse population at Sidley Park. This way of looking at baseball had been around for a while, but Beane was the first person with direct control over a club who tried to use it as part of his managing. The major motivation was his lack of budget; if he wanted his team to win, he needed a lot of bargains, and the best way to identify those bargains was by finding a way to look at the stats of the players in a way that no one else looked at them. Though Larry in Numb3rs points out that sabermetrics is just an extrapolation of the past, Beane and the other managers who have jumped on the sabermetrics bandwagon, are still attempting to predict the future of the ballplayers and their performances and also attempting to construct a future in which their own particular combination of players, selected based on examining statistics, is a winner. There can definitely be benefits to harnessing the ability to predict in situations such as professional sports where millions of dollars are being spent and owners and managers want to know they are spending it correctly, but there are repercussions to suggesting that humans are simply slaves to statistics; it might be easy to accept the idea of using statistics to predict human behavior in a sport, but when it is suggested that the same prediction is possible in everyday aspects of human life, the suggestion becomes a little more offensive.
Through the course of "Sacrifice," it is revealed that Hoke was murdered by his assistant, a young graduate student in econometrics (economics statistics) named Scott. The sabermetrics information on Hoke's computer was masking what he was really working on; Charlie explains that Hoke was attempting to apply the concept of sabermetrics to average communities. . . . Taking into account income levels, access to health insurance. Only Hoke wasn't measuring life expectancy. He was measuring human potential. He was using sabermetrics to determine what people were worth investing in. . . . It applies to schools. It applies to hospitals, to libraries. . . . From what I can tell, he hadn't finished his main equation, but once he was through, theoretically, he'd be able to predict human performance based on geographic and environmental factors down to a city block. . . . A mathematical determination of who will and won't be a winner.
Scott doesn't murder Hoke to steal his work, though that's originally how it appears. Instead, Scott is offended to the core by the implications of Hoke's project because he is from one of the neighborhoods identified as not worth the investment. Scott is troubled enough by this idea of people not being given a chance based on statistics that he kills Hoke to stop his work: There is a lot of power in this. The idea suggesting that people's potential is determined by where they live is so offensive that it's worth killing over. And Scott didn't just kill Hoke; he stabbed him to death, a very personal and grisly way to murder someone, revealing of the rage behind his actions. And although many of the other perpetrators that are apprehended on this show are not portrayed in a sympathetic way, the treatment of this issue by the writers does make Scott sympathetic. The episode's title, "Sacrifice," can only be taken to refer to Scott or Hoke. Hoke is portrayed as doing this work simply for monetary gain, and he is also dead at the start of the episode, denying the audience the ability to get to know him as a character. On the other hand, the viewer learns a lot about Scott, not just the story above about his background and how he beat the odds but also smaller details about his dad giving him a hard time about getting a PhD in econometrics, his desire to return to school and finish his dissertation, and his desire to help people with his work. Because Scott is the one who is sympathetic, it makes sense that the title refers to Scott and his actions. He gets the chance to do something that he feels will help people, especially disadvantaged people, but he has ruined his life to accomplish it.
The writers of the episode seem to be invoking the presence of sabermetrics through having Scott be from Oakland after sabermetrics has already been mentioned in conjunction with the Oakland A's. However, it could be seen as a slightly unfair characterization of sabermetrics. A major point of Moneyball is how Billy Beane finding a new way to look at baseball statistics often led him to pick up the players no one else wanted, leading him to have a team that author Lewis (2003) describes as "baseball's answer to the Island of Misfit Toys" (p. 158), full of players who are old, injured, or overweight but whose statistics reveal qualities that Beane wants on his team. Granted, Beane is forced to look for bargain players because he has no money to spend, but being forced into a position where he must spend his money carefully caused Beane to give chances to players that everyone else either ignored or gave up on. This is a way that attempting to predict through statistics could be seen as a way for people to get a second chance or in some cases a first one. However, as sabermetrics has caught on with baseball management, teams that are not in the financial situation of the Oakland A's use the same statistics to get the players they want but identify primarily the same expensive, marquee players that everyone else is still fighting over rather than seeking out the overlooked players as Beane does. So what turned out to be the one way the misfit players got a chance to prove themselves has, in the hands of teams with plenty of money, just turned into a more efficient way to buy a winning team. The same formula that Hoke is developing could have been used to do a similar thing but is not described this way at all; instead, it is described as a sinister way to ensure that the poor stay poor.
It would be an efficient world if cause and effect could always be counted on, as they are implied to by Newton's laws, to function in a clean, linear way. At the beginning of Arcadia, Septimus finds comfort in this way of understanding the universe. He acknowledges that it would seem to negate free will, but this does not for him outweigh the positives he perceives that come along with the Newtonian universe, especially its lack of true loss. However, as other characters note, if Newton is right, then the future is, as Chloe describes it, "all programmed like a computer" (p. 73). So there is at least something troubling about too much predictability. However, Septimus, at least, seems to believe that the predictability that everything is recoverable that he feels is suggested by Newton's laws makes it worth the possibility that everything is predictable.
Unfortunately for Septimus, Thomasina discovers that Newton is not completely correct, that the heat equation works only one way. With thermodynamics, there is no recoverability. So here, determinism and predictability have remained, only the ending is different, and it is an ending that does not allow for the recoverability that Septimus cherishes. Although before the potential negatives of determinism are outweighed in Septimus's mind by the positives of it, now he has had the positives stripped away, with the main prediction remaining that in the end, there is only loss. All Septimus can do is try to prove that Thomasina is wrong, but he is never able to do so. The use of time, chaos, and prediction in Eliot's The Waste Land portrays the same struggle to accept the implications of the laws of thermodynamics. The central speaker of the poem, whether Tiresias or someone else, perceives the effect of increasing entropy on the many different speakers of the poem. Many of these diverse voices convey trepidation about the passage of time, emphasizing the dread that comes with moving ever closer to 92 BULLETIN OF SCIENCE, TECHNOLOGY & SOCIETY / February 2007 the end. The chaotic structure of the poem emphasizes the already highly entropic state of The Waste Land. Both Arcadia and The Waste Land demonstrate the heights of the panic that can come from predictability leading to rather negative conclusions about where the world is headed.
Because too much predictability can turn out to be a negative thing, both through seeming to suggest an absence of free will and also through predicting a negative end to it all, views of chaos gradually began to become more positive. As Katherine Hayles (1990) describes it, Starting after World War I, and increasingly after World War II, the energy/dissipation ambiguity within chaos was shadowed by a corresponding ambiguity within order. On the one hand, order connoted stability, regularity, predictability. On the other, it signified a directive or symbolic configuration one is not free to disobey, as in a military order or Foucault's "order of things" (1970) . As chaos came to be seen as a liberating force, order became correspondingly inimical, associated with the mindless replication of military logic or with the oppressive control of a totalitarian state (or a state of mind). (p. 22) Although chaos on the surface may seem less comforting than order, the unpredictability that comes along with it reinforces the existence of free will. In Arcadia, Valentine is remarkably nonchalant about predictability and its implications on human free will precisely because he understands so much about chaos theory. Human behavior may, overall, follow general patterns, but on an individual level, very much allows for unpredictable choices to be made. Had Septimus lived long enough to learn of chaos theory (or if Thomasina had lived long enough to flesh out the beginnings of it that she had stumbled across on her own), he could have had at least one of the two negatives he was faced with following Thomasina's discovery of thermodynamics replaced by what amounts to scientific support for the existence of free will. It is the same free will that Jonas Hoke in Numb3rs fails to acknowledge in his attempts to predict human performance based on geographic location. Hoke's murderer, Scott, is just one example of a person beating the statistical odds in his getting out of his home town and making it all the way to graduate school. Likewise, even within professional baseball, players are not slaves to their own statistics. If designing a team based on statistics and buying the players whose statistics appear best were all there was to winning the World Series, the Yankees would win every year. Granted, it could be said that teams such as the Yankees buy their way into the playoffs every year with their all-star rosters, but once the playoffs begin, chaos and unpredictability take over, and the unexpected can happen.
The discomfort with the idea of statistically predicting human success that is portrayed in Numb3rs echoes the sentiments of Arcadia. Like the pattern of a fractal perceived from afar, human behavior tends to take on a pattern, but up close, there is chaos, representing free will and some degree of individual control. Statistics can still describe and provide some probability of what will happen in the future, but Arcadia, Numb3rs, and other postmodern works invoking chaos theory all send the message that probability is not predictability, and probability can turn out to be wrong. Those moments where probability is turned on its head and odds are defied are some of the best moments in humanity, and this is perhaps put best by Larry Fleinhardt from Numb3rs:
Larry: In a statistical model, the Red Sox never beat the Yankees. Charlie: There are exceptions to every rule. Larry: Yes, and aren't they glorious! Although matters may have seemed hopeless to modernists such as Eliot and others living in his time, as they did for Arcadia's Septimus, postmodern works influenced by chaos theory draw attention away from the downside of predictability and instead focus on the joy that can be created by the moments that stand in defiance of probability.
